Shrinkage reducing admixtures (SRA) have been used for several years to reduce the shrinkage of concrete. However, because their prices are very expensive and their dosages are very large, it is not economical for their practical application. Another problem of SRA is the degradation of compressive strength of concrete with SRA. In order to solve the two problems, a new polycarboxylate based superplasticizer with shrinkage reducing function was developed and its mechanism was investigated. According to experimental results, the admixture named JM-PCA (IV) reduces shrinkage of concrete effectively and reduces water content effectively. JM-PCA (IV) at a dosage of 0.25% decreases the shrinkage of concrete by about 40 to 55 percent at 28 days and 60 days when compared with sulfonated naphthalene formaldehyde condensate superplasticizer at a dosage 0.74%. The possible reason is that a shrinkage reducing component (SRC) and long ethylene oxides(EO) side chain were introduced into the molecular structure. The adsorption-reduction of interface tension is thought to be its main action mechanism of the reduction of shrinkage of
Introduction
Concrete is a vital component of our infrastructure and society, from roads to buildings. Its durability is essential in preserving resources and maintaining a sound construction system. In order to meets its intended design purpose and performs acceptably throughout its intended service life, it is required to develop effective methodology for the mitigation of cracks. The cracking can be due to a variety of causes including thermal gradients, moisture gradients, and attack by the external or internal environment (sulfate attack, alkalisilica reaction, etc.). 1) But one of the most important causes of cracking in concrete are due to volumetric changes resulted from shrinkage, for example drying shrinkage in general concrete and autogenous shrinkage in high strength concrete. To counteract drying shrinkage, several methods are available to limit shrinkage: (1) expanding and nonshrinking cements, 2) (2) surface treatments, 3) (3) shrinkage reducing admixtures (SRA), 4) (4) expansive admixtures 5) and combined usage of SRA and expansive agent. 6) Usually, expansive cement or expansive agent produces expansion by formation of ettringite. The production of ettringite occurs only after a certain period and it is not effective to control early (age) cracking. On the other hand, Commercial products of SRA, which lower surface tension of pore solution, can reduce plastic shrinkage, 7) autogenous shrinkage, 1) and especially drying shrinkage. 4) However, the dosage is very large around 2% by mass of cement and it is not economical. Another problem is the degradation of compressive strength of concrete with SRA. SRA has no water reduction capability, so it requires to be combined with superplasticizers in practical application. Additionally equipment to supply SRA is needed to be installed in concrete plants.
In order to meet such various requirements, a new shrinkage-reducing superplasticizer is proposed. Sugiyama and Nakanishi, et al., 8, 9) found that such copolymers can reduce drying shrinkage and still keep the performance of superplasticizer as well by introducing a drying shrinkage reducing component into the molecular structure of maleic anhydride-allyl ether copolymer. But such copolymers have not enough water-reducing properties and desirable shrinkage-reducing effects; there is much space for improvement. In this paper, the new kind of multifunctional superplasticizer JM-PCA (IV) with a high water-reduction performance and a good shrinkage reduction effect will be reported. In addition, fundamental studies on the influence of multifunctional superplasticizer on settlement shrinkage, autogenous shrinkage, drying shrinkage and also its mechanism will be discussed.
Experimental

Materials and mix proportions
The materials used in experiments are summarized in Table 1 . Portland cement was used for the tests, The cement has a Blaine fineness of 368 m 2 /kg, Might100 is a sulfonated naphthalene formaldehyde condensate superplasticizer, provided by Kao Cor., Shanghai. JM-SRA, a shrinkage-reducing admixture produced by Jiangsu Bote New Materials, China, and can reduces the drying shrinkage of concrete. JM-PCA (IV), developed by our research group, is a multifunctional superplasticizer with a high water-reduction performance and a good shrinkage reduction effect. Estimated molecular structure of JM-PCA (IV) is show in Fig. 1 . The shrinkage reduction component (SRC) used for JM-PCA (IV) is diethylene glycol dipropylene glycol monobutyl ether. Table 2 describe the mix proportions for measuring shrinkage of concrete.
Tests of fresh and hardened concrete
The concrete specimens were prepared and stored according to Chinse standard GB8076-1997. The properties of concrete were evaluated by following methods. Concrete slump, air content, water-reduction rate and setting time were measured in accordance with GB8076-1997.
Compressive strengths were tested at 24 h, 3, 7, 28 and 60 days according to GB/T50081-2002 (each result is an average of six measurements).
2.3 Shrinkage measurements 2.3.1 Measurement of the early-age shrinkage of concrete under sealed condition (before 1 d) Early age testing in the slab arrangement began approximately 30 min after water addition to the concrete mixing process. The fresh concrete was placed in the 100 Â 100 Â 515 mm steel mold and consolidated by an exterior vibrating table. An automatically measuring system 10) is developed by the incorporation of non-contact sensor for the deformation behavior of the early-age concrete including the settlement shrinkage from the casting and the self-desiccation shrinkage from the initial setting (as seen in Fig. 2 ). The equipment is usually used to measure the shrinkage of concrete at the age of initial 24 hours, and is assembled as two separate molds to simultaneously evaluate settlement and self-desiccation shrinkage.
Measurement of the long-term shrinkage of hard-
ed concrete One batch of concrete specimens for measuring long-term shrinkage of concrete was casted in the 100 Â 100 Â 515 mm prismatic steel moulds in accordance with GBJ82-85. After demolding, specimens were cured in a room at a constant temperature (20 AE 3 C) and a constant relative humidity level (>90%) for 2 days. And then after initial reading, the specimens were exposed in a controlled room temperature of 20 AE 2 C with a constant relative humidity level of 60 AE 5%. The length changes (see Fig. 3 (a)) were monitored by micrometer at different time intervals up to 60 days.
Another batch of concrete specimens for measuring longterm autogenous shrinkage of concrete was casted in the 100 Â 100 Â 515 mm prismatic steel moulds with double inner polypropylene film. Immediately after casting, a layer of soft impermeable polypropylene film was covered on the surface of specimen. Just after demolding at the age of 1 day, the samples were first covered with a layer of liquid paraffin on six surfaces, and then placed in the 110 Â 110 Â 550 mm cuboids iron barrel, further the empty space is filled with liquid paraffin in order to avoid moisture exchange with the surroundings. After initial length measurement, specimens were exposed in the curing room maintained at T ¼ 20 AE 2 C and a RH ¼ 60 AE 5%. The length changes were monitored by micrometer (see Fig. 3 
Surface tension test
The surface tension of different concentration of admixtures was measured at 25 C by a surface tension meter using a platinum plate. (Pure water as reference)
Adsorption measurement
The amount of adsorbed admixtures was calculated from the concentration of the admixture in the initial solution and the liquid phase (after admixture adsorption). In the tests, 300 g cement and 135 g water containing the admixture are blended by mechanical stirring for 30 minutes. The liquid phase was obtained from the cement-admixture suspension by centrifugal separation with 13000 rpm for 10 minutes. The admixture concentration was measured by carbon analysis using a Total Organic Carbon Analyzer (TOC).
Porosity measurement
Cement pastes were prepared with a water-to-cement (W/C) ratio of 0.29 by adding the tap water containing the defined amount of polymer dosages to the appropriate amount of cement. Each paste was blended by a machine controlled mixer for 3 min, and placed in the 20 Â 20 Â 80 mm steel mold and consolidated by an exterior vibrating table. Just after demolding at the age of 1 day, specimens were cured in the standard curing room maintained at T ¼ 20 AE 3 and RH > 90% for defined ages. The specimen fragments with different curing ages used for this investigation were taken from the core of specimens. Then they were immediately plunged in absolute acetone for 6 h to stop the hydration of cement and then dried at 105 C by using vacuum oven for 12 h before being tested. After drying, the porosity of fragments was performed by mercury intrusion porosimetry device made by Quantachrome Corporation. Table 3 , the results indicate that with the increase of the dosages of JM-PCA (IV) in concrete, the water reduction increased. When 0.2% of JM-PCA (IV) was added, the water reduction was up to 22.3%, as compared to the reference mix; while the water reduction at the dose of 0.30% was approximately 25.2%. To obtain the same water reduction, the doasge of JM-PCA (IV) (dosage: C Â 0:2%) is less the half of Might100 (dosage: C Â 0:45%). Generally, the setting of concrete is retarded and the strength of concrete is adversely influenced by including shrinkage reducing agent; However, JM-PCA (IV) containing shrinkage reducing component shows similar setting characteristics and strength development without retarding cement setting characteristics when compared with Might100.
Results and Discussion
3.2 Effect of admixture type on early-age shrinkage of concrete Figure 4 shows the effects of admixture type on settlement shrinkage. It is observed that JM-PCA (IV) decrease the settlement shrinkage effectively. The settlement shrinkages of concrete treated by JM-PCA (IV), Might100+JM-SRA and Might100 were 5:79 Â 10 À4 , 5:67 Â 10 À4 and 10:1 Â 10 À4 respectively. The settlement shrinkage of concrete with 0.25% JM-PCA (IV) is only 57% of that of concrete with 0.74% Might100. Figure 5 depicts the effects of admixture type on selfdesiccation shrinkage at 1 day. The data show a great reduction in self-desiccation shrinkage for the JM-PCA (IV) treated concrete. The self-desiccation shrinkages of concrete treated by JM-PCA (IV), Might100+JM-SRA and Might100 were 1:34 Â 10 À4 , 1:27 Â 10 À4 and 2:77 Â 10 À4 respectively. 0.25% JM-PCA (IV) by weight of cement reduces the self-desiccation shrinkage by 51.6% compared with 0.74%Might100. Figure 6 and Table 4 illustrate the effect of admixture type on long-term drying shrinkage. Compared with Might100 at a dosage 0.74%, JM-PCA (IV) at dosage of 0.25%decreases the drying shrinkage by 41.7% at 28 days and by 41.9% at 60 days, respectively. Figure 7 and Table 4 illustrate the effect of admixture type Performance and Mechanism of a Multi-Functional Superplasticizer for Concreteon long-term autogenous shrinkage. JM-PCA (IV) at a dosage of 0.25% decreases the autogenous shrinkage by 52.8% at 28 days and by 51.6% at 60 days compared with Might100 at a dosage of 0.74%. As can be seen from these results, by using JM-PCA (IV), the similar or the same shrinakge reduction result can be acquired as that of SRA. However, the additive amount of JM-PCA (IV) (dosage: C Â 0:25%) is appearently less than the amount of JM-SRA (dosage: C Â 2:0%). Also it shows high dispersion ability and does not retard setting characteristics of cement.
Effect of admixture type on long-term shrinkage of harded concrete
Mechanism of the reduction of shrinkage
The actual mechanism by which drying shrinkage occurs are complex. In order to explore the mechanism of the reduction of drying shrinkage, the surface tension, adsorption ratio of admixture to cement, porosity of harded cement paste treated by different admixtures were measured.
In general, SRA reduce the shrinkage of concrete by reducing the surface tension of pore solution, the empty pore number which leads to lower capillary stresses during drying. Figure 8 shows the surface tension of admixture with different concentration. It can be observed that both JM-SRA and multifunctional superplasticizer JM-PCA (IV) reduce the surface tension dramatically; However, the concentration of JM-SRA is quite higher than that JM-PCA (IV). The solution's surface tension of JM-SRA can exceed 50 NmÁm À1 at weight concentration of 1.25%; While the solution's surface tension of JM-PCA (IV) reaches the value lower than 50 NmÁm À1 even at weight concentration of 0.02%. The reduction of shrinkage seems to be related to the admixture dosage. It seemed that the minum dosage of JM-SRA is about 1.5% by weight of cement as its shrinakge effect take place effectively. However from Figure 8 , it can be seen tha JM-PCA (IV) is very effective to reduce the shrinkage of concrete even at a much lower rate than 0.25%. This dosage difference between JM-SRA and JM-PCA (IV) maybe due to their different affinity towards the surface of cement particles or cement hydration products, which result in significant difference of adsorption of admixture to cement as shown in Fig. 9 for two types of admixture. JM-SRA mostly exists in solution phase due to its weak adsorption capability; While JM-PCA (IV) bearing charged groups (e.g. COO À ) is adsorbed strongly to the cement particles or cement hydration products. Thus most multi-functional superplasticizer molecules exist at cement-solution interface which helps to lower the interface tension more efficiently. These characteristics of JM-PCA (IV) make it reach higher reduction of shrinkage at low dosage. In the real hydration mix, the concentration of admixture in the pore solution is likely to reach a higher value with the progress of hydration than the initial concentration. In addition, the SRC concentration in pore solution also increases mainly due to the release of SRC from JM-PCA (IV) by debonding from site of ester group. Although the mechanism of drying shrinkage are not fully understood, for a given pore structure, the surface tension of pore water solution is proportional to the effect of admixture to reduce drying shrinkage of concrete.
11)
Generally, the incorporation of chemical admixtures is known to affect both the total porosity and the pore size distribution of hardened cement paste, and the internal pore spaces influences the shrinkage of concrete. 12) Complementary porosity analyses are being done to helt to understand the effect of the multi-functional superplasticizer on concrete pore structure and its action mechanism. Pore size distributions of hardened cement paste containing different admixtures at different ages are illustrated in Fig. 10 .
It is shown that the pore distribution of cement paste treated by JM-PCA (IV) after only 3 days becomes coarser than containing Might100. For JM-PCA (IV), a main broad peak at about 53 nm is observed. Some macroscopic pores peaks between 200 nm and 1 mm can be observed. And the percentage of those 50 nm or larger pores increases. After 28 days, it is observed a displacement of this peak towards the pores of about 50 nm diameter. The porosity relative to the pores between 50 to 100 nm in diameter was 27.77% at the age of 3 days, and 50.34% at the age of 28 days. The total porosity was 21.1% at the age of 3 days, and 18.6% at the age of 28 days. Therefore, the hardened cement paste treated by JM-PCA (IV) has a denser microstructure but a broader porosity distribution.
According to Young-Laplace equation and Kelvin equation, as the diameter of capillary decrease, the capillary under-pressure increases and the internal relative humidity drops quickly which will in-turn induces stress and shrinkage. Therefore, the pore distribution of cement paste treated by JM-PCA (IV) becomes broader will also help to reduction of shrinkage.
Based on the surface tension, adsorption capability and porosity analyses, It can be conclude that the adsorptionreduction of interface tension and the coarser pore distribution are the main mechanism of a multifunctional superplasticizer to reduce the shrinkage of concrete.
Conclusions
Performance and the working mechanism of a new of superplasticizer with a high water-reduction performance and a good shrinkage reduction effect were investigated.
(1) The effectiveness of water reduction by a multifunction superplasticizer in concrete is very good. The water reduction can reach up to 22.3% at a rate of 0.20% by weight of cement; When 0.30% was added, 25.2% water reduction can be obtained. Moreover, the setting and strength characteristics of the multifunction superplasticizer are quite acceptable. (2) The settle shrinkage and self-desiccation shrinkage of concrete at 1 day containing multifunction superplasticizer was effectively reduced by 43% and 51.6%, respectively, compared with sulfonated naphthalene formaldehyde condensate superplasticizer; In contrast, a conventional organic shrinkage reducing admixture showed 43.9% and 54% reduction with eight times higher dosage, respectively. (3) Compared with Might100 at a dosage 0.74%, JM-PCA (IV) at dosage of 0.25%decreases the autogenous shrinkage of concrete by 52.8% at 28 days and by 51.6% at 60 days, respectively. And also reduces the drying shrinkage of concrete by 41.7% at 28 days and by 41.9% at 60 days, respectively. (4) The adsorption-reduction of interface tension and the coarser pore distribution are the main mechanism of a multifunctional superplasticizer to reduce the shrinkage of concrete.
